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Introduction

Tumor invasion and metastasis are the major cause of cancer mortality. This is
particularly true for breast cancer since metastasis of the primary tumor leads to tumor
inaccessibility and, consequently, greater mortality. Many studies have shown the
importance of signaling molecules in changes that are associated with transformed
phenotypes (1-3). In fact, many signaling molecules are affiliated with cytoskeletal
changes that accompany the motile or metastatic phenotype. The Rho family of small
GTPases (Rho, Rac and Cdc42) are members of the Ras superfamily; these regulate cell
function via conversion between a GTP-bound active state and a GDP-bound inactive
form. Recently, it has become clear that the Rho family mediates morphological and
cytoskeletal changes of both normal and transformed cells (4,5). Rho activation leads to
stress fiber formation and focal adhesions. Activation of Rac leads to membrane ruffles
and lamellipodia formation. Similarly, Cdc42 regulates the extension of actin filament
bundles into filopodia. The molecular mechanisms by which the Rho family of GTPases
regulates cytoskeleton remodeling is not well understood.

Dynamic rearrangement of the cytoskeleton is, in part, driven by actin
polymerization/depolymeriation and actin-myosin II interactions. Myosins II (which are
found in all cells and are constructed of two heavy chains and four light chains) are
mechanoenzymes which generate force along actin filaments and, thus, are crucial for
cell movements, including cytokinesis, pseudopod formation, polarized growth and cell
migration (6-8). Changes in the expression of myosin isoforms have been linked to the
transformed phenotype in both melanoma and breast cancers (9-11). Recently, Rho
GTPase has been shown to regulate myosin activity though Rho kinase, an effector
molecule for Rho (12,13). Rho kinase phosphorylates myosin phosphatase, which
removes phosphate groups from myosin light chain, and inhibits its function.
Consequently, one mechanism by which Rho effects cytoskeletal dynamics is by
increasing myosin light chain phosphorylation through the inhibition of
dephosohorylation.

In this grant we proposed to examine the effects p21-activated kinase (PAK), an
effector molecule for Rac and Cdc42, had on cytoskeleton dynamics and how this relates
to the phenotype and behavior of breast cancer cells.




Results

Myosin light chain kinase (MLCK) increases in phosphorylation at Ser-19 on myosin
light chain (MLC) are essential for force generation by myosin II. During postmitotic cell
spreading, phosphorylation of this site is elevated when compared to completely spread
cells (14). The spreading edge of a cell is analogous to the leading edge of a migrating
cell and collectively these are referred to as moving edges. Furthermore, cell spreading is
a prerequisite for cell migration. Aim 2 of this grant was to evaluate the effect PAK may
have on myosin II phosphorylation. Therefore, we looked at the effects PAK had on
MLC phosphorylation during cell spreading. When BHK-21 cells were transfected with
PAK1 T423E (catalytically active) and placed in an adhesion assay, spreading was
largely inhibited. However, cells expressing Lac Z or PAK WT spread normally (15).
Inhibitors of myosin or ML.CK showed similar results to PAK T423E expressing cells.
Cells overexpressing PAK T423E, PAK WT, Lac Z, or control cells (non-transfected)
were allowed to attach and spread on a fibronectin matrix, then lysed at various time
points. Immunoblot analysis was performed using an antibody that recognizes the Ser-19
phosphorylated form of MLC (18). During cell spreading the control cells show a gradual
increase in MLC phosphorylation, with the maximum at the 45-min time point. However,
PAK1 T423E expressing cells show little to no phosphorylation of MLC at any of the
time points. Cells transfected with Lac Z or PAK WT showed a level of MLC
phosphorylation similar to control cells. These data suggest that in vivo, catalytically
active PAK1 acts to inhibit phosphorylation of MLC on Ser-19 (15).

The calcium-calmodulin dependent myosin light chain kinase (MLCK)
phosphorylates MLC on Ser-19 and is known in vivo to be responsible for promoting the
force generating ability of myosin II. Therefore, in order to understand PAK’s role in
decreasing phosphorylation of MLC, we looked at its effect on MLCK. In vitro
phosphorylation experiments demonstrate that PAK 1 can phosphorylate MLCK and this
phosphorylation is independent of calmodulin. PAK 1 phosphorylation of MLCK lead to
a 50% reduction in the catalytic activity of MLCK (15). This data suggests that
catalytically active PAK inhibits ML.C phosphorylation by phosphorylating ML.CK and
downregulating its activity.

To test the ability of PAK to inactivate MLCK in vivo, cells were transfected with
PAK1 WT and T423E, lysed, and ML.CK was immunopercipitated and assayed for
activity. MLCK immunopercipitated from PAK T423E cells showed a significant
decrease in activity when compared to MLCK from control or PAK WT expressing cells
(15). This data confirms our in vitro data that PAK phosphorylation of MLCK inhibits its
activity.

We have also found that PAK phosphorylates and activates another enzyme important
in controlling cytoskeleton dynamics, Lim-kinase (16). Lim-kinase phosphorylates and
inactivates the small actin binding protein cofilin/actin depolymerizing factor (ADF).
Recent studies have indicated Lim-kinase acts downstream of Rac (17). PAK
phosphorylated Lim-kinase at threonine 508 and increased Lim-kinase-mediated
phosphorylation of cofilin ~10 fold in vitro. In vivo, activated Rac increased association




of PAK with Lim-kinase, which required structural determinants in both the NH,-
terminal regulatory and COOH-terminal catalytic domains of PAK. These data suggest a
model by which the activation of PAK by Rac/Cdc42 leads to enhanced binding of Lim-
kinase and effective phosphorylation by PAK. A catalytically inactive Lim-kinase
interfered with Rac-, Cdc42-and PAK-dependent cytoskeletal changes. A PAK-specific
inhibitor, corresponding to the PAK autoinhibitory domain, blocked Lim-kinase-induced
cytoskeletal changes.

Aim 3 of this grant was to examine the functional importance of PAK on breast cancer
cell migration. Detailed cellular analysis of breast cancer cell lines has been hindered by
the low protein expression and number of transfected cells that microinjection and other
traditional methods render. Therefore, we perfected a viral gene expression system to
overcome this problem. This system has allowed us to transiently express Rho family
GTPases and PAKs with an efficiency of greater than 95% in many breast cancer cell
lines. We are now able to study a population of cells that can be placed into bioassays,
including migration or adhesion assays. Using the virus system to transfect cells, our
preliminary results indicate that high levels of activated PAK decreases cell migration.
This would be consistent with PAK’s ability to decrease MLCK activity and increase
Lim-kinase activity.

Recently, in collaboration with the Knaus lab here at Scripps, we have shown that
some breast cancer cell lines have constitutively activated PAK (18). Most of the cell
lines showing increased PAK activity also had constitutively active Rho GTPase.
However, two of these cell lines, ZR-75 and SK-BR-3, have activated PAK with no
activated GTPase. These two cell lines have abnormal cytoskeletal morphologies and are
very poor migraters in both boyden chamber or woudhealing assays. The actin filaments
are thicker and focal adhesions are much larger when compared to breast cancer cell lines
which do not have endogenous activated PAK (i.e. MDA-231 cells, data not shown) or
normal fibroblast cells (i.e. BHK cells) (figure 1). The thicker actin filaments and
adnormaly large focal adhdsion would explain why both the SK-BR-3 and ZR-75 cells
migrate poorly. The thicker actin filaments in SK-BR-3 and ZR-75 cells is reminiscent of
the morphology observed in cells overexpressing Lim-kinase (16); and indeed cell lysates
from these cells immunoblotted with a antibody that detects the phosphoylated form of
cofilin show increased cofilin phosphorylation when compared to cell lines without
elevated PAK activity (figure 2). Furthermore, when SK-BR-3 or ZR-75 cells are
immunostained with an antibody that recognizes the active form of PAK the
immunoreactivity is localized to the focal adhesions (figure3), this antibody does not
stain focal adhesions of BHK (fibroblast) or MDA 231 cells (breast cancer cell line
without endogenous active PAK). These data suggest that PAK is inappropriately
recruited to focal adhesions in the breast cancer cells with high PAK activity. Inhibition
of PAK, by overexpression of the PAK of the PAK autoinhibitory domain, leads to a
reduction in the actin filaments (figure 4).




Conclusion

Cell adhesion, migration and invasion play critical roles in the pathogenesis of tumor
metastasis. Comprehending cytoskeleton dynamics is pivotal in understanding the
complexities of metastasis. Thus, our studies have first focused on cell spreading in order
to understand the complexities of the cytoskeleton at the moving edge of the cell. Our
lab and others have shown that PAK localizes to Rac-induced membrane ruffles (20) and
mutationally active forms can cause cytoskeleton changes (19, 20, 21). These data
suggest a role for PAK in cytoskeletal remodeling. Data presented in this report further
demonstrate the importance of PAK and suggest a possible mechanism by which it
influences the cytoskeleton. We describe two novel targets for PAK, MLCK and Lim-
kinase. Both of these kinases are important regulators of cytoskeleton dynamics. Aim 2
in our grant proposal was to determine if PAK affected myosin phosphorylation
(Technical Objective 2: task 3 and 4). We believe that these results satisfy the objective
of Aim 2.

At present we are working on Aim 3 in our proposal, which is to examine the
importance of PAK-myosin interactions on breast cancer cell migration. With the
development of the viral gene expression system, we are now able to transfect breast
cancer cells with high enough transfection efficiency to do migration (Technical
Objective 3: task 5 and 6). These experiments are currently ongoing.




BHK

Figure 1: Breast Cancer Cells with Activated PAK have Larger Actin Filaments and Focal
Adhesions. BHK and SK-BR-3 cells were stained with phalloidin (red) to reveal the actin cytoskeleton
and anti-hVinculin (green) to visualize the focal adhesions. Focal adhesions are structures within the

cell which contain molecules essential for the cell to sense its environment. Actin filaments end within
these structures, which are crucial for cell migration. Where the actin filaments and focal adhesions meet
the two dyes fluoresce yellow. A) BHK cells. B) SK-BR-3 cells, breast cancer cells with high PAK
activity, have much larger focal adhesions and actin filaments then the normal BHK cells.
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Figure 2: Breast Cancer Cells with High PAK Activity have Increased Cofilin
Phosphorylation. In several breast cancer cell lines PAK activity is upregulated (18). Breast
cancer cells with endogenous activated PAK have increased phosphorylated cofilin, consistent
with the observed thickening of actin filaments seen in cells overexpressing Lim-kinase (16). Cell
lysates from SB-BR-3 and ZR-75 show increased cofilin phosphorylation when compared to cell
lines without elevated PAK activity. The lower panel shows comperable levels of cofilin in the
lysates.
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Figure 3: Breast Cancer Cells with High PAK Activity Mislocalize PAK to Focal Adhesions.
SK-BR-3 cells were stained with an antibody that recognizes activated PAK (Anti-pPAK

in green), and co-stained with anti-hVinculin (red) to visualize focal adhesions.The merge (orange)
demonstrates active PAK localizes to these structures. ZR-75 cells also stain for active PAK in focal
adhesions; however, BHK and MDA-231 cells (cells without elevated PAK activity) do not show
localization of PAK to focal adhesions. These data suggest that PAK is inappropriately recruited to
focal adhesions in the breast cancer cells with high PAK activity.

Figure 4: Inhibition of PAK Reduces Actin Filaments in Breast Cancer Cells. Inhibition of
PAK in SK-BR-3 cells, by overexpression of the PAK autoinhibitory domain, leads to a reduction
in actin filaments. A) SK-BR-3 cell overexpressing the autoinhibitory domain of PAK, arrow
indicates transfected cells. B) SK-BR-3 cells overexpressing a control protein (LacZ) show no
change in cytoskeletal morphology, arrows indicate transfected cells.
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Appendices:

PAK activity is important for cytoskeletal changes.

PAK phosphorylates and inactivates MLCK.

PAK phosphorylates and activates LIM-Kinase.

PAK activity decreases ML.C phosphorylation, in vivo.

PAK is hyperactive in some breast cancer cell lines.

Breast cancer cells with hyperactive PAK mislocalize PAK.

Breast cancer cells with hyperactive PAK have an abnormal cytoskeletal morphology
and a decrease migratory potential.
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